Genetic changes in regulatory elements are likely to result in phenotypic effects that might explain population-specific as well as species-specific traits. MicroRNAs (miRNAs) are posttranscriptional repressors involved in the control of almost every biological process. These small noncoding RNAs are present in various phylogenetic groups, and a large number of them remain highly conserved at the sequence level. MicroRNA-mediated regulation depends on perfect matching between the seven nucleotides of its seed region and the target sequence usually located at the 3# untranslated region of the regulated gene. Hence, even single changes in seed regions are predicted to be deleterious as they may affect miRNA target specificity. In accordance to this, purifying selection has strongly acted on these regions. Comparison between the genomes of present-day humans from various populations, Neanderthal, and other nonhuman primates showed an miRNA, miR-1304, that carries a polymorphism on its seed region. The ancestral allele is found in Neanderthal, nonhuman primates, at low frequency (;5%) in modern Asian populations and rarely in Africans. Using miRNA target site prediction algorithms, we found that the derived allele increases the number of putative target genes for the derived miRNA more than ten-fold, indicating an important functional evolution for miR-1304. Analysis of the predicted targets for derived miR-1304 indicates an association with behavior and nervous system development and function. Two of the predicted target genes for the ancestral miR-1304 allele are important genes for teeth formation, enamelin, and amelotin. MicroRNA overexpression experiments using a luciferase-based assay showed that the ancestral version of miR-1304 reduces the enamelin-and amelotin-associated reporter gene expression by 50%, whereas the derived miR-1304 does not have any effect. Deletion of the corresponding target sites for miR-1304 in these dental genes avoided their repression, which further supports their regulation by the ancestral miR-1304. Morphological studies described several differences in the dentition of Neanderthals and present-day humans like slower dentition timing and thicker enamel for present-day humans. The observed miR-1304-mediated regulation of enamelin and amelotin could at least partially underlie these differences between the two Homo species as well as other still-unraveled phenotypic differences among modern human populations.
Introduction
Investigating the genetic differences associated with phenotypic diversity among hominins is a crucial step toward the understanding of human adaptation and evolution. Genetic and genomic alterations in regulatory regions are a significant source of phenotypic diversity underlying important interindividual and interspecies differences (Carroll 2008; Hindorff et al. 2009 ). This record has been recently confirmed in primates by the discovery that the human loss of specific regulatory DNA, in particular the loss of noncoding RNA with enhancer function, associates with the appearance of specific human traits such as the expansion of specific brain regions (McLean et al. 2011) . Increasing evidence supports that allelic changes involving either microRNAs (miRNAs) or their regulatory machinery are major contributors to phenotypic diversity in human populations and may thus be important sources of phenotypic variation and have a role in the pathophysiology of several disorders (Borel and Antonarakis 2008) .
miRNAs are small noncoding RNAs of 19-25 nucleotides in length in their mature form, processed from a longer hairpin structure, that act as posttranscriptional regulators of gene expression by either mRNA degradation or translational repression (Krol et al. 2010) . It is estimated that miRNAs regulate more than 30% of all protein-coding genes, building complex regulatory networks that control almost every cellular process (Filipowicz et al. 2008) . MicroRNAs act by means of partial complementarity to miRNA binding sites usually located in the 3# untranslated regions (UTRs) of their target genes (Bartel 2004) . Perfect complementarity between the target sequence of the regulated messenger RNA and the so-called ''seed'' regionnucleotides 2 through 7 or 8 from the 5# end of the mature miRNA-is thought to determine successful binding and, together with the stability of the RNA hybrids, are the basis of many miRNA target site prediction algorithms (Brennecke et al. 2005; Lewis et al. 2005) . Strong purifying selection acts on the mature miRNA and particularly on nucleotides corresponding to the seed region, where no mutation is tolerated as it would most likely produce a change in the target spectrum that could give rise to the emergence of a novel miRNA (Chen and Rajewsky 2006; Liu et al. 2008; Quach et al. 2009 ). Conservation of miRNAs through evolution is well documented and has been used for the discovery of homologous miRNAs across different phylogenetic groups. It is assumed that conserved miRNA may have high functional relevance and hence many previous research efforts focused on finding and characterizing those miRNAs (Grad et al. 2003; Berezikov et al. 2005; Chen and Rajewsky 2006) . Nonetheless, the identification of species-specific miRNAs may help to understand evolutionary novelties among different phylogenetic groups. Several studies reach the conclusion that miRNAs are strongly conserved among primates, but still there is a set of miRNAs that are found only in present-day humans and thus are good candidates to contribute to human-specific phenotypes (Bentwich et al. 2005; Berezikov et al. 2005; Liu et al. 2008; Brameier 2010; Lin et al. 2010) . The first published draft of the Neanderthal genome revealed that present-day humans differ from Neanderthals by a nucleotide substitution in the seed region of microRNA miR-1304 (Green et al. 2010 ) that therefore it is likely to change the spectrum of target genes for miR-1304.
Neanderthals are the closest known evolutionary relatives of modern humans. They inhabited parts of Europe and Western Asia during a succession of climatic cycles, exhibiting both behavioral and morphological adaptations probably related to cold climates, until their extinction around 30,000 years ago (Mellars 2004; Finlayson et al. 2006) . The morphological features that distinguish Neanderthals from other humans, including specific craniofacial and dental traits, first appear in the European fossil record around 4,00,000 years ago (Stringer and Hublin 1999; Hublin 2009 ). Estimated from genomic data, these Homo populations diverged between 440,000 and 270,000 years ago (Endicott et al. 2010; Green et al. 2010) . The analysis of the Neanderthal genome has revealed that about 80 protein-coding genes show fixed amino acid changes between Neanderthals and modern humans (Green et al. 2010) . Phenotypes evolve by functional differences in proteins but also do largely through mutations in regulatory regions (Carroll 2008 ); thus, it seems clear that genetic differences related to the distinctive Neanderthal phenotype should not be restricted to a set of proteincoding genes and that the analysis shall be broadened to incorporate gene regulation as well.
Here, we analyze the primate-specific miR-1304 by studying genetic variation of the human miR-1304 ''locus'' and the spectrum of target genes predicted for the derived and ancestral versions of this miRNA. By means of functional studies, we show repression of a cluster of dental genes by the ancestral version of miR-1304 illustrating how a single nucleotide change in a regulatory element may underlie particular phenotypic differences.
Materials and Methods
Sequencing of Chimpanzee miR-1304 and Neanderthal AMTN 3# UTR miR-1304 was polymerase chain reaction (PCR)-amplified from genomic DNA of three chimpanzee individuals using primers listed in supplementary table 1 (Supplementary Material online). Eight clones per individual were sequenced using standard procedures.
The target site for miR-1304 on the 3# UTR of the Neanderthal AMTN was PCR-amplified in a Neanderthal specimen (SD-1253) from El Sidrón site (Asturias, Spain), and 55 clones were sequenced (supplementary fig. 1 , Supplementary Material online) following a previously described methodology ) using specific primers (supplementary table 1, Supplementary Material online). This bone sample has been used to retrieve ;14,000 protein-coding positions (Krause et al. 2007; Lalueza-Fox et al. 2008 , 2009 Burbano et al. 2010) , as well as 0.1% of the nuclear genome (Green et al. 2010) , and the complete mitochondrial genome (Briggs et al. 2009 ). The degree of contamination has been estimated to be 0.27-0.29% for the mitochondrial DNA and 2% upper bound for autosomal DNA capture (Krause et al. 2007; Lalueza-Fox et al. 2008) ; these low figures render this specimen one of the most suitable Neanderthal samples for targeted paleogenetic analysis.
Firefly Luciferase Constructs and Mutagenesis
The 3# UTRs of ENAM, AMTN, and GAD1 were PCR-amplified from genomic DNA with Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA), using primers containing an XbaI restriction site at the 5# end (supplementary table 1, Supplementary Material online). PCR fragments were later purified, XbaI-digested, and cloned into pGL4.13 vector (Promega, Madison, WI) downstream of the firefly luciferase reporter gene. Mutant reporter plasmids were generated as previously described (Muiños-Gimeno et al. 2009 ) with the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA), using either the AMTN or the ENAM pGL4.13 construct as a template and primers carrying the desired deletions (supplementary table 1, Supplementary Material online).
Cell Culture and Transfection
HeLa cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 100 units/ml penicillin, and 100 lg/ml Streptomycin (GIBCO; Invitrogen). Cotransfection optimization has been previously described (Guidi et al. 2010) . Briefly, HeLa cells were seeded at 1.3 Â 10 4 cells per well in 96-well plates and cotransfected 24 h later with the Firefly reporter constructs Lopez-Valenzuela et al. · doi:10.1093 /molbev/mss023 MBE described above or the empty pGL4.13 vector (24 ng), the Renilla reporter plasmid pGL4.75 (3 ng), and 10 nM miRNA mimic for derived miR-1304, ancestral miR-1304, and negative controls #2 and #4 (miRIDIAN; Dharmacon, Lafayette, CO) using Lipofectamine 2000 (Invitrogen).
Luciferase Activity Assay
The activity of Firefly and Renilla luciferases was determined 24 h after transfection using the Dual-Glo Luciferase Assay System (Promega). Relative reporter activity was obtained by normalization to the Renilla luciferase activity. In order to correct for vector-dependent unspecific effects, each relative reporter activity was normalized to the empty vector cotransfected with the corresponding miRNA (Guidi et al. 2010) . Results were then compared with the mean of the two negative controls. Each experiment was done in triplicate, and at least three independent experiments were performed for each miRNA. Statistical significance was determined using Student's t-test (P , 0.05). Bonferroni correction for multiple comparisons was applied taking into account the analysis of two independent reporter genes and two miRNA mimics. Using these criteria, the corrected level of significance was set up equal to 0.0125 (four comparisons).
Computational Methods
Targets were predicted using the web-based prediction methods TargetScan (www.targetscan.org, release 5.1, Friedman et al. 2009 ) and TargetRank (www.hollywood.mit.edu/ targetrank, Nielsen et al. 2007 ) on the human genome assembly (NCBI36/hg18, March 2006). Genomic coordinates are according to the following assemblies: Homo sapiens GRCh37/hg19, Pan troglodytes CHIMP2, Gorilla gorilla gorGor3, Pongo pygmaeus PPYG2, Macaca mulatta MMUL_1. Sequences, unless sequenced by ourselves, were obtained from the University of California Santa Cruz (UCSC) Genome Browser (http://www.genome.ucsc.edu) and Ensembl Genome Browser release 61 (www.ensembl.org). Pathway analysis was performed with the Ingenuity Pathway Analysis software (IPA) version 6.3 (www.ingenuity.com). Human genetic variation on miR-1304 was assessed using genotypes for 1,094 individuals in the June 2011 data release of the 1000 Genomes Project (www.1000genomes.org). Exploration for natural selection signatures in the human genome was performed by the analysis of data from HapMap, using the UCSC browser, and from the 53 populations of the Human Genome Diversity Panel (HGDP), using the HGDP selection browser (http://hgdp.uchicago.edu/) (Pickrell et al. 2009 ).
Results

Conservation of miR-1304 among Primates
As noted by Green et al. (2010) , the Neanderthal draft genome sequence differs from the reference genome of present-day humans in one base in the seed region of the primate-specific miRNA miR-1304 ( fig. 1 ). The corresponding genomic sequence for Neanderthals is GCCTCGA and GCCTCAA for the reference human sequence. We took advantage of the recently completed genome sequencing of four primates-M. mulatta, P. troglodytes, G. gorilla, and P. pygmaeus-to compare primate sequences orthologous with human miR-1304 ( fig. 1 ). The sequence alignment confirmed that the reference human genome bear the derived state at this nucleotide position, whereas Neanderthal and other nonhuman primates share the ancestral state. The rest of the hairpin sequence was identical between the Neanderthals and the reference human genome and showed few changes in the other four primates. In the case of chimpanzee, the published shotgun assembly (March 2006 Pan_troglodytes-2.1 6x) showed a deletion of 26 nucleotides together with an insertion that set apart the two resting parts of the miRNA. To verify the possibility that chimpanzee had lost this miRNA, we sequenced three chimpanzees' DNAs and, after analysis of eight clones per individual, identified a consensus sequence identical to the gorilla miR-1304 sequence that differs in only one nucleotide position from the ancestral miR-1304 ( fig. 1 ) indicating that chimpanzees likely also have a functional copy of miR-1304.
Analysis of the Genetic Variation of miR-1304 in Human Populations
We checked for genetic variation at the miR-1304 locus among human populations using the single nucleotide polymorphism (SNP) database. We found one SNP, rs79759099, at this particular position in the seed region indicating that this change is not fixed in human populations. Using the new release of the 1000 Genomes Project (June 2011 data release) with 1,094 individuals representing 14 populations worldwide, we found that although all the individuals in the European (GBR, FIN, IBS, CEU, and TSI), Colombian (CLM), Mexican (MXL), and Kenyan (LWK) populations only presented the derived allele, the ancestral allele of miR-1304 was present as the minor allele in the Asian Japanese (JPT, MAF 5 0.067) and Chinese (CHB, MAF 5 0.072; CHS, MAF 5 0.05) populations and, at very low frequency, in the Yoruban (YRI, MAF 5 0.028); Puerto Rican (PUR, MAF 5 0.009), and African-American (ASW, An Ancestral miR-1304 Allele Regulates Dental Genes · doi:10.1093/molbev/mss023 MBE MAF 5 0.008) populations (supplementary table 2, Supplementary Material online). Furthermore, since this different allelic distribution could be the result of selective sweeps within recent human populations, we looked for signatures of selection for the derived miR-1304 by the study and comparison of linkage disequilibrium (integrated haplotype score), population differentiation (F st ), and the frequency of rare variants (Tajima's D) along the genomic region using public data from HapMap and HGDP. However, neither a significant excess of rare variants nor significant population differentiation indexes compatibles with a selective sweep were found in the region.
Analysis of Target Gene Predictions for miR-1304
To assess the variation in the target gene spectrum for the ancestral and derived miR-1304, we used different prediction algorithms based on seed sequence matching, namely TargetScan and TargetRank. For the ancestral miR-1304, TargetRank predicted 35 target genes and TargetScan predicted only four genes (LCORL, RIMBP2, EDF1, and TCF4, the last two being common to both prediction programs, table 1). A limitation of these predictions is that they were performed on the modern human genome, thus we checked if predicted target genes had identical binding sites for the ancestral miR-1304 in the chimpanzee and Neanderthal genomes. Among the 37 different predicted target genes for this variant, there were 29 genes with an identical binding site in chimpanzee, which we considered a valid proxy for conservation in Neanderthals as well. As for the other eight genes, the Neanderthal genome assembly indicated that in four cases (CD24, TMED4, TAD3L, and RIMBP2), the target site is identical between the two hominins, whereas for the other four genes (DLST, RBPMS2, LCORL, and SOX17) complete Neanderthal reads were not available (table 1) . Interestingly, for the derived version of miR-1304, we found a large increase in the putative targets in comparison with the ancestral version. TargetRank predictions generated a list of 515 target genes, whereas TargetScan generated 140, with an intersection of 79 Material online) , some of the most relevant associations for the derived miR-1304 target genes were found with genetic disorders (24 genes) and neurological diseases (14 genes) as well as nervous system development and function (13 genes). As far as top networks, the highest significance was found in one related to neurological disease and behavior and another one regarding cellular function and maintenance (supplementary fig. 2 , Supplementary Material online). Despite the small number of predicted target genes, we observed that 2 of the 35 genes predicted to be regulated by the ancestral version of miR-1304 by TargetRank-ENAM and AMTN that code for the proteins enamelin and amelotin, respectively-are involved in teeth formation. The finding of two genes both involved in a process of such high specificity as odontogenesis within a relatively small set of putative targets was interesting, particularly given that the best-described differences between Neanderthals and modern humans are related to cranial and dental traits. Thus, among the predicted target genes, we focused on the study of the ENAM and AMTN genes.
Analysis of the 3# UTR of the ENAM and AMTN
Genes in Neanderthal
Because the human genome was used as a reference for predicting the role of the ancestral variant of miR-1304 in the regulation of ENAM and AMTN, it is necessary that Neanderthals match humans in the target site sequences for these genes. In the case of the ENAM Neanderthal gene, the sequence corresponding to the target site for this miRNA is identical to the modern human sequence, and the 3# UTR exhibits only two changes in its vicinity ( fig. 2A) . The first is a C to G substitution corresponding to a common SNP also present in modern humans (rs7664896) located 7 bp from the seed region binding site. The second is a G to A nucleotide change, which is among the most common forms of postmortem DNA damage and may be considered an artifact induced by cytosine deamination occurring in the complementary strand (Hofreiter et al. 2001; Briggs et al. 2007 ). Neither of these changes is predicted to interfere with the correct binding of the miRNA. In the case of the AMTN gene, the sole available read from Vindija Neanderthal ends up at the beginning of the target sequence for miR-1304 and displays two G to A nucleotide changes that, as stated before, could be an artifact due to postmortem DNA damage ( fig. 2A ). To ascertain if the extinct Homo had a complete binding site for the ancestral miR-1304 at AMTN 3# UTR, we sequenced part of this region in a Neanderthal specimen (SD-1253) from El Sidrón site (Asturias, Spain) dated to about 49,000 years ago and extracted under controlled conditions (Rosas et al. 2006; Lalueza-Fox et al. 2011 ). The analysis of 55 clones showed that the recognition site for miR-1304 in the AMTN gene is identical in both hominin groups (supplementary fig. 1, Supplementary Material online) . The 3# UTRs of ENAM and AMTN are also highly conserved among other primates studied (chimpanzee, gorilla, orangutan, and rhesus monkey), and all but the rhesus monkey carries the An Ancestral miR-1304 Allele Regulates Dental Genes · doi:10.1093/molbev/mss023 MBE exact matching sequence for the ancestral miR-1304 seed region ( fig. 2) . Accordingly, the seed region of this version of miR-1304 presents perfect complementarity with its predicted target site region at the 3# UTR of ENAM and AMTN ( fig. 2B ) and might be regulating both dental genes in Neanderthal as well as in other nonhuman primates and humans carrying the ancestral allele of miR-1304.
Functional Screening of miR-1304 Target Sites in ENAM and AMTN
To investigate the interaction between ENAM and AMTN mRNAs and the different versions of miR-1304, functional validation of the predicted ancestral miR-1304 target site was performed using a dual-luciferase assay in HeLa cells. A luciferase reporter pGL4.13 construct carrying the 3# UTR of either the ENAM or the AMTN genes was cotransfected with the corresponding miRNA mimic: ancestral miR-1304, derived miR-1304, or two different control miRNAs. As shown in figure 3A , a statistically significant reduction of the luciferase activity was observed for ENAM and AMTN when cotransfected with the ancestral miR-1304 as compared with the modern miR-1304 (P , 0.0125, Bonferroni corrected Student's t-test). In the case of the ENAM construct, the associated luciferase activity descended to 51% and for the AMTN construct to 39% when cotransfected with the ancestral miR-1304, which is compatible with a strong repression of the ENAM and AMTN genes by this regulator. Finally, in order to demonstrate the specificity of the binding of the ancestral miR-1304 to the ENAM and AMTN 3# UTRs, we used site-directed mutagenesis to delete the corresponding target sequences that bind the seed region of the ancestral miR-1304 in the ENAM and AMTN pGL4.13 constructs and cotransfected the plasmids with the respective miRNAs. A statistically significant recovery of the luciferase activity was observed when the ancestral miR-1304 was cotransfected with the deleted ENAM and AMTN plasmids in comparison with the wild-type constructs, reaching levels of recovery of about 100% ( fig. 3B ). The observed rescue of the quantitative phenotype further supports the predicted repression of these two dental genes by this version of miR-1304.
Analysis of the Genetic Variation of ENAM and AMTN in Human Populations
To further characterize the gene-miRNA interaction, we analyzed genetic variation on the ENAM and AMTN miR-1304 target site sequences in present-day populations using the 1000 Genomes Project data. Although we did not find genetic variation in the target site of AMTN, the ENAM target site harbors the SNP rs117342040 (G/A with A being the minor allele). Interestingly, the affected nucleotide in the target site of ENAM is located exactly matching the described change in the miR-1304 seed region in such a way that the minor allele of rs117342040 would interfere with the proper binding of the ancestral allele of miR-1304. Moreover, the allele frequencies for this SNP are differentially distributed among human populations being absent in European populations, very rare in Africans (one carrier of African origin from Kenya), and present in about 2.5% of Asian individuals (supplementary table 2, Supplementary Material online). As this variant is found in populations where the ancestral version of miR-1304 is also detected, we studied if they were correlated using a hypergeometric MBE test and observed that, for the total of 1,094 individuals analyzed, our finding of 3 individuals having both minor alleles was significant (P 5 0.0162) meaning that there are more carriers of both minor ENAM and miR-1304 alleles than expected by chance.
Discussion
The main basis of miRNA action is its sequence complementarity with the target regions of the genes that they regulate. Functional SNPs that create or disrupt these miRNA target sites have been shown to have diverse phenotypic implications contributing sometimes to human disease susceptibility (Borel and Antonarakis 2008) . Since one miRNA can have multiple targets, SNPs located on the miRNA regions important for target recognition would be expected to exhibit a broader biological effect than SNPs on the target sequences. So far, very few functional variants in miRNA genes have been described, and only a small number of studies have been devoted to describe their functional consequences (Jazdzewski et al. 2008; Sun et al. 2009; Vinci et al. 2011) . Analysis of the Neanderthal genome sequence led to the detection of a miRNA, miR-1304, that differs from the reference human miR-1304 sequence at one nucleotide position in the seed region (Green et al. 2010) . Interestingly, analysis of 1000 Genomes Project data revealed that this nucleotide change is not fixed in present-day human populations, and it turned out to be an SNP (rs79759099) present in Asian populations (allele frequency of about 0.06). In European and East-African populations, the ancestral allele was not found, and populations with West-African origin carry the ancestral allele but at very low frequencies. Since this distribution schema could be the result of selective sweeps within recent human populations compatible with a beneficial role for the new derived miR-1304 allele, we looked for signatures of selection along the region using HapMap and HGDP data, but no evidences for a selective sweep, such as an excess rare allele variants or a block of extensive linkage disequilibrium, could be found. Other explanation for the presence of the ancestral allele in Asian populations could be that it was reintroduced through admixture with Neanderthals; however, because Neanderthal admixture is restricted to non-African populations (Green et al. 2010 ) and given the presence of the ancestral miR-1304 in some Africans and its low frequency in Asia, the distribution of the ancestral miR-1304 could not solely be explained in terms of introgression. Furthermore, miR-1304 is not included into the 13 regions that have been identified as candidate gene flow regions between Neanderthals and modern humans that were described through the analysis on extended Neanderthal haplotype blocks in modern human genomes (Green et al. 2010) . In this scenario, a combination of admixture in Asia such as the described by Skoglund (Skoglund and Jakobsson 2011) with rs79759099 being a retained ancient polymorphism in Africa could be the most plausible explanation.
miR-1304 is a relatively novel primate-specific miRNA that was recently discovered at very low levels in human embryonic stem cells and after differentiation of these cells into embryonic bodies (Morin et al. 2008) . Since then deep RNA sequencing studies have found miR-1304, also lowly expressed, in diverse tissues such as peripheral blood, brain cortex, and melanoma Stark et al. 2010; Vaz et al. 2010) , but its targets and function remain largely unknown. The in silico approach based on target site predictions performed in this work allowed us to gain insights into the putative functional differences between the two versions of miR-1304. One of the main restrictions to find target genes for the ancestral miR-1304 was the dearth of .75, and either the empty pGL4.13 plasmid or pGL14.3 carrying the 3# UTR of GAD1, ENAM, or AMTN followed by the firefly luciferase reporter gene. The previously proven regulation of GAD1 by miR-7 was used as a positive control. The ratios of Firefly to Renilla luciferase luminescence are presented after normalization to the empty pGL4.13 and to the mean of two different mimic controls. (B) The binding site for the ancestral miR-1304 was removed from the 3# UTRs in the constructs by mutagenesis, and the luciferase assay was repeated. Each experiment was done in triplicate, and at least three independent experiments were performed. Data reported here are the means ± standard deviation of independent experiments. Significant associations after Bonferroni correction (P , 0.0125, corrected Student's t-test) are indicated with an asterisk. Anc. miR-1304, ancestral miR-1304 mimic.
An Ancestral miR-1304 Allele Regulates Dental Genes · doi:10.1093/molbev/mss023 MBE good quality Neanderthal sequence data. The use of the modern humans genome for target gene predictions may have lead us to disregard Neanderthal target genes that diverged from human genes in their 3# UTRs; nevertheless, we did not find false positive as all target genes for the ancestral miR-1304 that could be tested (33 of 37, 89%) have an identical and conserved binding site in the Neanderthal and human genomes.
Remarkably, we observed a significant difference in the number of predicted target genes between both miRNAs: the derived version of miR-1304 has more than 14 times more predicted targets than the ancestral one, which is indicative of a critical functional evolution for miR-1304. Interestingly, the analysis performed using the Ingenuity software associated the predicted targets of derived miR-1304 with biological processes and disorders related to central nervous system development and function, which suggests that the evolutionary change of miR-1304 may affect aspects of human brain functioning and cognition. Previous work showed that SNP variants in the vicinity of miR-22, miR-148a, and miR-488 associate with panic disorder and that these miRNAs effectively repress candidate genes for anxiety (Muiños-Gimeno et al. 2011) . In this context, involvement of miR-1304 in brain function regulation raises the interesting possibility of particular neurological phenotypes being associated with one miR-1304 allele or the other. On the other hand, comparison of the Neanderthal genome and modern humans' genomes identified a number of genomic regions that may have been affected by positive selection in ancestral modern humans, including regions involved in cognitive abilities like NRG3, a gene involved in schizophrenia (Green et al. 2010) . Taken together these data suggest that human cognition has been an important target of recent human evolution that could have been shaped in part by miRNAs.
Among the few predicted target genes for the ancestral miR-1304, CD24 and the transcription factor 4 (TCF4) are of interest for their involvement in neurological disorders in humans. CD24 has been associated with multiple sclerosis (Zhou et al. 2003) , and TCF4 (predicted by TargetRank and TargetScan) has been recently associated with a range of neuropsychiatric phenotypes including schizophrenia, impaired verbal learning, and Pitt-Hopkins syndrome (Amiel et al. 2007; Stefansson et al. 2009; Lennertz et al. 2011) . Two other noteworthy target genes are ENAM and AMTN, both involved in odontogenesis. We focused on these genes due to the known dental differences between Neanderthals and modern humans and demonstrated the conservation of their 3# UTRs among primates as well as their differential response after transfection with either the derived or the ancestral miR-1304. These two genes are involved in teeth formation and map near each other in an interesting cluster on chromosome 4 together with other genes also involved in dental formation as well as salivary proteins such as ameloblastin (AMBN) or mucin 7 (MUC7).
Tooth enamel, the hardest substance in vertebrates, is formed by epithelium-derived ameloblasts. As ameloblasts differentiate, they deposit specific proteins necessary for enamel formation, including amelogenin, ameloblastin, and enamelin, in the organic enamel matrix. Enamelin is the largest protein in the enamel matrix of developing teeth. It is involved in the mineralization and structural organization of enamel. Amelotin was discovered in mouse, where it is specifically expressed in maturation-stage ameloblasts. It has been hypothesized that it functions as a protease helping the processing of the enamel matrix at this stage (Iwasaki et al. 2005) . We can only speculate about the function of the ancestral miR-1304 in Neanderthals but, given the involvement of ENAM and AMTN in odontogenesis, their observed repression by the ancestral miR-1304 could implicate this miRNA, acting together with other divergent genes, in a range of differences related to Neanderthal and modern humans dentition (Macchiarelli et al. 2006; Olejniczak et al. 2008) . For example, the union surface between dentine and enamel was more complex in Neanderthals than it is in Homo sapiens. Additionally, the volume of coronal dentine was larger in the extinct Homo and, since enamel volume is similar in both species, this results in significantly thinner cuspal enamel in Neanderthals (Ramirez Rozzi and Bermudez De Castro 2004; Olejniczak et al. 2008) . Moreover, it is believed that enamel cusps formed faster in Neanderthals as evidenced by a significantly lower periodicity of their enamel growth marks (Retzius marks or perikymata) (Aiello and Dean 1990) , a fact that has often lead to overestimation of Neanderthal's age at death (Olejniczak et al. 2008; Smith et al. 2009 Smith et al. , 2010 . This would imply a different rate of ameloblastic activity, a process that may be influenced by miR-1304. This hypothesis is in agreement with recent studies performed in rodents that denote that miRNAs have a prominent role in teeth development being required for normal ameloblast differentiation and enamel matrix formation (Cao et al. 2010; Michon et al. 2010) . Since the ancestral allele of miR-1304 still segregates in some modern humans, this miR-1304 variant could be involved in dental development and be associated, for example, with the degree of enamel thickness. Although little is known about variations of dental morphology among human populations, it has been reported that average enamel thickness is similar among Asian, European, and African dentitions (Feeney et al. 2010) . Nevertheless, given the fact that only about 0.5% of Asian individuals would be homozygous for the ancestral miR-1304, we do not expect this allele to be involved in phenotypic traits that differ among populations but rather in less common traits somehow related with disease. In this regard, defects in enamel formation create the condition known as amelogenesis imperfecta (AI), a disease in which the enamel does not fully form or forms in insufficient amounts and teeth affected may be discolored, sensitive, or prone to disintegration. AI is commonly inherited as an autosomic trait, and ENAM mutations appear to be responsible for a big part of the autosomally inherited cases. However, genetic studies provide evidence for the existence of at least one further autosomal AI locus (Kärrman et al. 1997; Dong et al. 2000) . The ancestral miR-1304, as repressor of ENAM and AMTN, is a strong candidate to be Lopez-Valenzuela et al. · doi:10.1093/molbev/mss023 MBE involved in the susceptibility to AI and other forms of enamel hypoplasia. It would be of interest to test this hypothesis in familial cases of the disorder for which the underlying genetic defect has not been identified yet and furthermore study if Asian populations show higher AI incidence than other populations (the exact incidence of AI is uncertain and estimates vary from 1:700 people to 1:14,000 according to the populations studied; Seow 1993). The finding of correlation between the presence of the ancestral allele of miR-1304 and the minor allele of rs117342040 in ENAM, a variant that would interfere with the binding of the ancestral miR-1304 to the mRNA and would avoid its repression rescuing a hypothetical phenotype, is very appealing. It strengthens the idea that the presence of the ancestral miR-1304 in modern humans could have some adverse effect, and thus, removal of downregulation of ENAM could have been beneficial to modern humans. Unfortunately, we could not find evidences for a selective sweep happening in the miR-1304 gene, which would have reinforced this hypothesis. Finally, we should not forget about other predicted target genes for the ancestral miR-1304 that are also related to disease such as the above stated CD24 and TCF4 genes that are involved in neurological disorders in humans.
Future analysis on the differential gene repression by the two alleles of miR-1304 and deeper studies on the functional significance of this regulation would be of great interest not only to gain insights into primate evolution but also in the possible implication of this miRNA in phenotypic differences among present-day human populations and its relationship with complex human disorders.
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